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A THERMODYNAMIC STUDY OF THE TURBINE-PROPELLER ENGINE*

By Bensamin PINEeL and Irvine M. Karp

SUMMARY

Equations and charts are presented for computing the
thrust, the power ouipui, the fuel consumption, and other
pelj'ormance parameters of a turbine-propeller enging for any
given set of operating conditions and component efficiencies.
Included are the effects of the pressure losses in the inlet ducl
and the combustion chamber, the variation of the physical
properties of the gas as il passes through the system, and the
change in mass flow of the gas by the addition of fuel.

In order lo illusirate some of the turbine-propeller-system
performance characteristics, the total thrust horsepower per
unit mass rafe of air flow and the specific fuel consumption
are presented for a wide range of flight and engine-design
operaling conditions and a given set of design component
efficiencies.

The performance of a turbmw-propeller engine contammg a
maiched set of components is presenied for a range of engine
operating conditions. The influence of the characteristics
of the individual components on off-design-point performance
8 shown.

The flexibility of operation of two turbine-propeller engines
18 discussed; one engine has a divided turbine system in which
the first turbine drives only the compressor and the second
turbine independently drives the propeller, and the other engine
has a connected turbine system which drives both the compressor
and the propeller.

INTRODUCTION

Various thermodynamic analyses have been prepared for
the purpose of studying the many aspects of the performance
of turbine-propeller engines. The charts presented in

reference 1, for example, permit step-by-step calculation

of the turbine-propeller cycle; also presented therein are
some performance characteristics of the basic turbine-
propeller systém and systems incorporating intercooling,
reheat, and regeneration at design-point conditions. Refer-
ence 2 presents a general comparison of part-load performance
characteristics of a large variety of both simple and complex
turbine-propeller-engine configurations. It also discusses
briefly the way in which component characteristics affect
the efficiency of each engine and limit the part-load operation
of each engine,

In the present report, charts (developed from an extension
of the analysis given in ref. 3) are presented which permit
determination of the performance parameters of the engine
directly from component efficiencies and operating conditions.

! SBupersedes NAOA TN 2453, “A Thermodynamic Study of the Turbine-Propeller Engine,” by Benjamin Pinkel and Irving M. Karp, 1952,

These charts eliminate much of the step-by—step cycle
calculation and apply particularly when the engine over-all
performance rather than the details of the cycle is of major
interest. In order to illustrate some of the turbine-propeller-
engine design-point performance characteristics, the thrust
horsepower per unit mass rate of air flow and specific fuel
consumption are presented for-a wide range of design
combustion-chamber-outlet temperatures and compressor
pressure ratios. These results are presented for constant com-
ponent efficiencies and a range of flight speeds and altitude
conditions.

The report also presents a detailed discussion of the
off-design-point performance of two turbine-propeller-engine
configurations each having a given set of components. The
performance of & given turbine-propeller engine is a complex
function of the individual characteristics of the compressor,
the turbine, and the propeller. The limitations in operating
range and performance imposed by these component charac-
teristics, the interrelation between components, some of the
problems involved in matching the components, and the
method for evaluating and presenting engine performance
are discussed for the two engine configurations. One
engine has a divided turbine system consisting of two inde-
pendent turbines; the first turbine drives the compressor
and the second turbine drives the propeller through reduc-
tion gears. The other engine has the two turbines connected
to provide a single rotating system. The flexibility in
operation provided by a variable-area exhaust nozzle is also
discussed for both configurations. This analysis was made
at the NACA Lewis laboratory.

SYMBOLS

The significance of the symbols appearing in the charts
and in the subsequent discussion is as follows:

A, effective exhaust-nozzle area, sq ft (For isen-

tropic expansion in exhaust nozzle, flow

through area 4, is equal to actual mass flow

through nozzle.)
a correction factor that accounts for total-pressure-
drop in inlet diffuser
b correction factor that accounts for total-pressure

drop in combustion chamber

¢ correction factor that accounts for difference in
physical properties of hot exhaust gases and
cold air, involved in computation of work
from expansion process
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propeller power coefficient, equal to
550 hp,/peN3 1

velocity coefficient of exhaust nozzle

specific .heat of air at constant pressure at
#,=519° R, 7.73 Btu/slug)/°F

average specific heat at constant pressure of
exhaust gases during expansion process, (Btu/
slug)/°F (This term, when used with temper-
ature change accompanying expansion, gives
change in enthalpy per unit mass.)

propeller diameter, ft

total thrust, 1b

net thrust produced by exhaust jet, 1b

thrust produced by propeller, 1b

fuel-air ratio - .

lower heating value of fuel, Btu/lb

compressor-shaft horsepower input

propeller-shaft horsepower input equal to excess
of turbine horsepower output over compressor
horsepower input

total turbine-shaft horsepower output

turbine-shaft horsepower output of first turbine

mechanical equivalent of heat, 778 ft-1b/Btu

compressor slip factor, 550 hp/M,UZ2

mass rate of air flow, slug/sec

mass rate of gas flow through turbine, slug/sec

propeller rotational speed, rps

total pressure at compressor inlet, 1b/sq ft abs

total pressure at compressor outlet, Ib/sq ft abs

total pressure at inlet to first turbine, Ib/sq ft abs

total pressure at outlet of first turbine, 1b/sq ft
abs

total pressure at outlet of second turbine, 1b/sq
t abs

ambient-static-air pressure, Ib/sq ft abs-

static pressure at outlet of first turbine, Ib/sq ft
abs

static pressure at outlet of second turbine, 1b/sq
ft abs

drop in total pressure through inlet duct, 1bfsq ft

drop in total pressure through combustion cham-
ber, 1b/sq ft

Yo
T 4 -1)

f 1 to 1 2 T4 (Ya
wor equal to | (7577) nnee

ratio of drop in total pressure in combustion
chamber to total pressure at compressor out-
let, AP 2/P 2

compressor-inlet total temperature, °R

compressor-outlet total' temperature, °R

combustion-chamber-outlet total temperature,
°R

total temperature at outlet of first turbine, °R

ambient-air temperature, °R

total thrust horsepower produced by enginé

net thrust horsepower produced by exhaust jet

thrust horsepower produced by propeller

compressor tip speed, ft/sec

Uy
Uis

3
Vo0t

Via

Ya
Vs

M

Te

Mp

turbine blade speed (measured at turbine pitch
line) of first turbine, ft/sec

turbine blade speed of second turbine, ft/sec

jet velocity, ft/sec

jet velocity giving optimum distribution of avail-
able power to propeller and exhaust-nozzle
jet, It/sec

theoretical turbine-nozzle jet velocity of first
turbine corresponding to isenfropic expansion
of gas from turbine-inlet total pressure and
temperature to turbine-outlet static pressure,
ft/sec’ :

theoretical turbme—nozzle jet velocity of second
turbine, ft/sec

airplane velocity, ft/sec

axial component of gas velocity at first turbine
outlet, ft/sec

axial component of gas velocl’oy at second tur-
- bine outlet, ft/sec

weight flow of fuel, Ib/hr

ratio of compressor presSure ratio, P;/P; to
(P3/P1)rer

factor equal to ratio of ram temperature rise to
ambient-air temperature, V3/2J¢, ot

factor equal to V3/2Jc, s

factor equal to 550 hp./M,.Je, .t

factor equal to propeller thrust produced
divided by excess of turbine horsepower out-
put over compressor horsepower input, Ib/hp

ratio of specific heats of air, 1.4

average value of ratio of specific heats of exhaust
gas during expansion

ratio of total pressure at any point being con-
sidered to standard sea-level pressure of 2116
1b/sq ft, that is, 8,=P,/2116, 5,=P,/2116, and
so forth

correction factor that accounts for over-all
effects produced by secondary variables,
e=l—a—b+tec

combustion efficiency equal to ideal fuel-air ratio
required to obtain temperature rise in com-
bustion chamber from 75 to 7§ divided by
actual fuel-air ratio

compressor adiabatic efficiency equal to .ideal
power required in adiabatically compressing
air from compressor-inlet total temperature
and pressure to compressor-outlet total pres-
sure divided by compressor-shaft power

compressor polytropic efficiency equal to loga-
rithm of actual pressure ratio divided by
logarithm of isentropic pressure ratio that
corresponds to actual temperature ratio

propeller efficiency equal to thrust horsepower
developed by propeller divided by excess of
total turbine power over compressor power.
This definition includes bearing, gear, and
accessory power losses as well as propeller
losses.
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N over-all turbine total efficiency of turbine sys-
tem equal to enlire turbine-shaft power
divided by ideal power of gas jet expanding

adiabatically from inlet total pressure and
temperature of first turbine to outlet static
pressure of second turbine less kinetic power
corresponding to average axial velocity of gas
at second turbine outlet

Ne,1 turbine total efficiency of first turbine
Nia turbine total efficiency of second turbine
n over-all turbine-shaft efficiency of turbine sys-

tem equal to entire turbine-shaft power
divided by ideal power of gas jet expanding
adiabatically from inlet total pressure and
temperature of first turbine to turbine-outlet
static pressure of second turbine

i turbine-shaft efficiency of first turbine
M turbine-shaft efficiency of second turbine
] ratio of total temperature &t any point being

considered to standard sea-level temperature
of 519° R, that is, 8,=T/519, 6,=T,/519,
and so forth

Po density of ambient air, slug/cu ft

ANALYSIS

A schematic diagram of the turbine-propeller engine con-
sidered is shown in figure 1. Air enters the inlet duct and
passes to the compressor inlet. Part of the dynamiec pres-
sure of the free-air stream is converted into static pressure
at the compressor inlet by the diffusing action of the inlet
duct. 'The air is further compressed in passing through the
compressor and enters the combustion chamber where fuel
is injected and burned. The products of combustion then
pass through the turbine nozzles and blades, where an
appreciable drop in pressure occurs, and finally are dis-
charged rearwardly through the exhaust nozzle to provide
jet thrust. The turbine shown in figure 1 may consist of a
single turbine driving both the compressor and the propel-
ler or a combination of two turbines, one driving the com-
pressor and another driving the propeller. When engine
performance is evaluated by charts, the combination of the
two turbines is considered as a single turbine having the

combined power output and over-all turbine efficiency of
the two.

Stotion O i 2 3 4 5 6 i
I | ! | | | ! |
| | | | [ | |
|l { | . | | | 1 J
’l T T [EE‘ T % i

r”
inlet duct ! £-Compressor | * “ITurbine 1
Propeller : ; :
- Reduction - Combustion Exhaust §
gears chamber nozzle---

Flaure 1.—S8chematic diagram of turbine-propeller engine.

The variables affecting the performance are d1v1ded into
a primary group and a secondary group.
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The primary group of variables is:

Exhaust-nozzle velocity coefficient, which includes losses
in tail pipe, C,

Compressor total-pressure ratio, Py/P;

Combustion-chamber-outlet total temperature, T

Ambient-air temperature, &,

Jet velocity, V;

Airplane velocity, V,

Ratio of propeller thrust produced to propeller-shaft
horsepower input, «

Burner efficiency, 7,

. Compressor adiabatic efficiency, 7.

Propeller efficiency, which includes losses in reduction
gearing, 1,

Turbine total efficiency, 7. -

The secondary group is:

Ratio of total-pressure drop through inlet duct to
compressor-inlet total pressure, AP,/P,

Ratio of total-pressure drop through combustion cham-
ber to compressor-outlet total pressure, APy/P;,

Effect of difference between physical properties of cold
air and hot exhaust gases during expansion proc-
esses. (Effect of change in specific heat of gas during
other processes is included ‘in charts.)

Charts are presented from which the propeller-thrust
horsepower, the propeller thrust, and the fuel-air ratio can
be evaluated for various combinations of design-peint operat-
ing conditions. The equations from which the.charts are
prepared are derived in appendix A and are listed in appen-
dix B.- Some of the following equations used in combina-
tion'with the charts give the performance of the turbine-
propeller system.

The total thrust of the engine is the sum of the propeller
thrust and the jet thrust.

The ]et thrust, when the effect of the added fuel is neg-
lected, is given by

F=M(V,—V0) (1a)

When the effect of added fuel is included, thé jet thrust is
givenby °

Fy=M,(V;— V) +fM,V; (1b)
The thrust horsepower of the jet is expressed as
ALY

The thrust horsepower produced by the propeller (which
includes the effect of added fuel) is given by

_Ma'ﬂ JG,, b T( Y+77cZ
V?m(l-l-f)
203J¢5.to _Z] ®)

and can be evaluated from the charts.
The total thrust horsepower of the engine is the sum of
the jet-thrust horsepower and propeller-thrust horsepower.
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For the engine operating at a given set of conditions, an
optimum division of power between the exhaust jet and the
propeller exists for which the total thrust horsepower and
efficiency of the system are maximum. The jet velocity for
this optimum condition is given very closely by

c:
NeMp

V!. opt— Vo (4&)

This expression is derived in appendix A. The jet veloc-
ity can vary appreciably from this optimum value with only
o small effect on the total thrust horsepower and engine
cfficiency. .

At zero flight speed (V=0 and %,=0) the expression for
V}ope 18 indeterminate. When the factor « is introduced
where « is the pounds of thrust produced by the propeller
per propeller-shaft horsepower input, the expression for
V},0pe hecomes
550C?

i

(4b)

V!. opt=

The thrust developed by the propeller at any plane speed
Vo (Vp7£0) is obtained from the propeller-thrust horsepower
by the equation

550
Fo=thp, v, (5)

For the case of V,=0, the factor F,/e is determined from
the charts.
The compressor-shaft horsepower is given by

hpo=MeJc, 4 Z[550="5675M,Zt)[519 (6)
The compressor-inlet total temperature is
T 1=t0(1 + Y) (7)
The turbine-shaft horsepower is
hp,=t’;p’+hpa (82)
?

At zero flight speed (thp,=0 and 7,=0), the turbine
power is

hp=L2t by, (8b)
The fuel consumption per unit mass rate of air flow is
determined from the fuel-air ratio by the relation

W,/M,=115,900f (9)
DISCUSSION OF CHARTS

By means of equations (1) to (9) and the curves of figures 2
to 7, the performance of the turbine-propeller engine can be
readily evaluated. The curves are presented in a form that
shows the effects of the variables on performance. In
figures 2 to 4 are shown curves for evaluating some of the
primary parameters that are used in the principal per-
formance chart (fig. 5) from which the thrust horsepower of
the propeller is determined. The fuel-air ratio is evaluated
with the use of figures 6 and 7.

Curves for obtaining the flight Mach number, the
compressor-inlet total pressure, and the factor ¥ for various
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FIGURE 3.~—OChart for determining factor «. (e=x1—a~b+-c)

values of the factor V,+/519/f, are shown in figure 2 (a).
Values of Y plotted against the factor V,/519/t, are shown
in figure 2 (b).

The value of ¢, which accounts for the effect of the second-
ary group of variables, is obtained from figure 3. The
quantity e is given by the relation

e=1‘—a—b+c

Correction @, which gives the effect of total-pressure drop
through the inlet duct AP, is shown in figure 3 (a). Cor-
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rection b, which measures the effect of total-pressure drop
through the combustion chamber AP,, is introduced in figure
3 (b). Correction ¢, which corrects for the difference be-
tween the physical properties of the hot exhaust gases and
the cold air involved in the computation of the expansion
processes through the turbine and exhaust nozzle, is given
in figure 3 (¢). In general, the value of ¢ is close to unity
and can be taken as equal to unity when a rapid approxima-
tion is desired.

The compressor total—pr%sure ratio is plotted against the
quantity ».Z/(1+7Y) in figure 4. The compressor-shaft
borsepower is computed from equation (6) and the value of Z.
The effect of the variation in specific heat of air during com-
pression is neglected in this plot; the maximum error in Z -
introduced is about 1 percent for the range of compressor
pressure ratios shown in figure 4 and for compressor-inlet
temperatures up to 550° R.

The value of (Ps/P1);, plotted agamst the factor

nee 3 <1+Y> is also shown in figure 4. The quantity

(P2/P));.r 15 useful in that it is the compressor pressure ratio
for maximum power per unit mass rate of air flow for any
given values of n,9.74ft, and Y, provided that the change
in component efficiencies and ¢ with change in pressure
ratio is negligible. When the change in e with P,/P; is
appreciable, (Py/P)),., differs somewhsat from. the compressor
pressure ratio giving maximum power per unit mass rate of
air flow. Even in this case, the power per unit mass rate of
air flow corresponding to (Ps/P;),s is generally within 1
percent of the true maximum. The actual compressor
pressure ratio P,/P, divided by- the qua.ntlty (P3/P)rey
defines the value of X used in figure 5.
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F1GURE §,—Chart for determining thrust-horsspower or shaft-horsepower factors. (A 17-
by 21-in. print of this chart (in two sections) is available from NAOA upon request.)

The curves in figure 5 are used to determine the propeller-
horsepower factors tg;’ 5t109 e or JI::, 5t109 Ae
of the parameters 7. .e14/t, (nam/O’)Y, Y, and X or 1/X.
When X is less than unity, the value of 1/X is used; the
reason is apparent from an examination of equation (A34)
(see appendix B) for figure 5. Corresponding to the values
of neneTyffo and X or 1/X, a point on the right-hand set of
curves is determined; then progressing horizontally across
the chart to the desired value of (3n/C3)Y,—Y, a sec-
ond point is located. Moving from this second point
parallel to the left-hand set of direction lines until the
(e /CHYY;—Y=0 line is intercepted, the value of the
propeller-thrust-horsepower factor or propeller-shaft-horse-
power factor is then read at the intercept.

The compressor-outlet total temperature T% plotted against
the factor £(1+Y+2) is shown in figure 6. This curve in-
cludes the variation in specific heat of air during compression
and was computed from reference 4. The variation in spe-
cific heat is accounted for in this case; whereas it is neglected
in figure 4, because the error introduced in the evaluation of
the temperature rise during compression by the assumption
of a constant value of specific heat is greater than the error
introduced by the same assumption in the evaluation of the
COMPressor power,

The fuel-air-ratio factor #,f is plotted in figure 7 against
T,—T; (total-temperature rise in combustion chamber) for
various values of 7;. These curves are based on information
given in reference 5 and are for a fuel having a lower heating
value % of 18,900 Btu per pound and & hydrogen-carbon ratio
of 0.185. For fuels having other values of &, the value of f
given in figure 7 is corrected accurately by multiplying it by

for various values



A TBEERMODYNAMIC STUDY OF THE TURBINE-PROPELLER ENGINE

the factor 18,900/k. The effect of hydrogen-carbon ratio of
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(which is used in determining (P;/P;),s) and in the factors
fuel on f is generally small; and, for a range of hydrogen- | nm.eTyfto and (9.1,/C7)Y;—Y of figure 5. The value of the
carbon ratios from 0.16 to 0.21, the error due to the deviation | jet-thrust horsepower is evaluated from the jet velocity by
from the value of 0.185 is less than 0.5 percent. The fuel | means of equations (1b) and (2). Equations (4a) and (4b),
consumption per unit mass rate of air flow is obtained from | which are used to determine the optimum jet velocity, do
the value of f and equation (9). not require this adjustment in the valué of 7,.

In the preceding discussion of the charts, the effect of the
mass of injected fuel was not mentioned. It is shown in EXAMPLES OF USE OF CHARTS
appendix A that the effect of the added fuel can be taken
into account by substituting the product of turbine total As an example of the use of figures 2, 4, and 5 and equations
efficiency 7, and (14 f) for the value of 5, in the charts. This | (1) and (2) for a rapid approximate computation of the thrust
. . . T,/ 1 \' | horsepower per unit mass rate of air flow thp/M,, a case is
adjustment occurs in figure 4 in the factor . ty (1 +Y > considered in which the following conditions are given:
1600
1500
1400
1300
56 1200
% 1100
% 1000
7
£
8§ 900
800
700
600
500 600 700 800 900 1000 1100 1200 1200 1400 1500 1600 700
foll+Y+2), °R

F1oURE 8,—Chart for determining T for various values of &(1-}-Y4-2).
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Compressor adiabatic efficiency, ne- - oo _______ 0. 80
Turbine total efficiency, ¢ . - oo oo 0. 90
Propeller efficiency, 75— - - oo oo ____ 0. 85
Exhaust-nozzle velocity coefficient, ¢, ___________________ 0. 96
Airplane velocity, Vo, ftfseo_ . ______ 733
Jet veloeity, Vi, ftfsee_________________ L ___ 1000
Compressor pressure ratio, Py/Py_ - ____ 6
Ambient-gir temperature, &, °R____________________________ 519
Combustion-chamber-outlet temperature, T4, °R_____._______ 1960

From the assumption that ¢ is equal to 1, thp/M, is then
evaluated with these given quantities as follows:

Vo519/to, ££/800 o o e e 733
Y (F1om fig. 2 (8)) <o - mme e oot 0. 086
ViVB10/ty, ft/800 - o e 1000
¥ (from fig. 2 (b)) - o e e e 0. 160
N Tu o o o oo mceem 2.719
T 1 \2
R e ) [ 2. 305
(Pa/Py)eer (From fig. 4) - oo o e 4.31
X=(PafP)[(P2/P1) refmmm === come e oo 1. 39
e C) Y3 — ¥ e e e 0. 039
Bbs 1. 2e 22, hp/(slugseo) (from ig. 5)--.—.- e 2085
thp,/M e hp/(slugfsee) . ________ . 2215
thp;/ M, hp/(slug/sec) (from eqgs. (1) and (2)) - _____________ 355
thp/M,, hp/(slug/sec) _____________________________________ 2570

The use of figures 2 to 7 and equations (1) to (9), which
permit evaluation of such performance values as compressor-
shaft power, fuel consumption, thrust horsepower, and
specific fuel consumption with a high degree of accuracy, is
illustrated in detail in the following example. The effects
of the secondary parameters are now accurately evaluated
and the method of accounting for added fuel mass is also
shown. The example is based on the engine having the
following design conditions:

(1) Compressor adiabatio efficiency, neocccacocooaaooooC 0. 80
(2) Turbine total efficiency, 9e--o-ooooooooao 0. 90
(3) Combustion effieiency, np-— -~ __________ 0. 97
(4) Propeller efficiency, poce o - oo . 0. 85
(5) Exhaust-noszzle velocity coeflicient, Cpeoeo o _____ 0. 96
(6) Airplane velocity, Vo, ftfsec -~ .. 733
(7) Jet velocity, Vy, ftfsec. .. 1000
(8) Compressor total-pressure ratio, PafPy .o ______ 6
(9) Ambient-air temperature, &, *R._______________ e em 519
(10) Combustion-chamber-outlet total temperature, T}, °R... 1960
(11) Ambient-air pressure, po, 1b/sq in.__ . _____________ 14. 7
(12) Total-pressure drop through inlet duct, AP, 1b/sq in.... 0. 25
(13) Total-pressure drop through combustion chamber, AP;,
Ibfsq im. L5
(14) Lower heating value of fuel, A, Btu/lb_________________ 18,500
DETERMINATION OF Y AND FLIGHT MACH NUMBER
From items (6) and (9):
(15) Vef519/to, ftfsec. - o oo oo 733
From item (15) and figure 2 (a):

(18) Y o ee- 0. 086
(17) Flight Mach number_.____ . ________ 0. 66
DETERMINATION OF Z AND hAp /M.

Item (8) read on figure 4 determines
(8) 962/ Y) e e . 0. 669
From items (18), (16), and (1): - g

(19) 2o e 0. 908
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Using items (19) and (9) in equation (6) gives

(20) hpJM.,, hp/(slug/sec) e imeaecaaan 51563
DETERMINATION OF f AND W,/31,

From items (9), (16), and (19):

@1) I+ Y42), R oo e 1036

From item (21) read on figure 6:

[0 N 0 - 1025

From items (22) and (10):

05 B R - N 936

From items (23) and (10) and figure 7:

6 RS AN 0. 01372

Ttems (24) and (3) give

(28) f - e e 0.01414

Because the lower heating value of the fuel is equal to 18,500
Btu per pound (item (14)), item (25) must be multiplied by
the factor 18,900/18,500, and the adjusted value is

(28) Fe e e e t__. 0.01445
Using item (26) in. equation (9) gives
(27) Wy/M,, (Ibfhr)/(8lug/sec) - - - - ool 1675

DETERMINATION OF FACTOR «
From items (11), (12), and (13):

(28) AP D0 e 0. 017

NN X 0.10

From figure.2 and 1tem (15):

(80) (Prt-APD/ Do mm e 1. 336
~and using item (28) with item (30) gives

C N N 2T 1. 318

Using items (31) and (8) yields

(82) P/ PO e e e e ——————— 7. 91
- From items (28) and (31):

(833) APgf P e ——————— 0. 013

whereas from items (29) and (32):

(34) APy Py oo eeee—cmm 0. 013

From items (16) and (18):

(88) Y+ 9eZ e e cc—— i ———— 0. 812

Ttems (33) and (35) in figure 3 (2) give

(86) @ e 0. 0056

while items'(34) and (35) in figure 3 (b) give

(B7) b e ——————— 0. 006

When items (10), (26), and (32) are used in figure 3 (c¢),

(88) oo oo ccmmcmemmas 0. 036

From items (36), (37), and (38):

(39) e=1—0.005—0. 00540. 035 - - oot 1. 026

DETERMINATION OF (PyPp),,s AND X
Using items (1), (2), (39), (10), (9), and (16) gives
2

T,/ 1
40 nne 2 (p) - S ——— 2. 363
From item (40) read on figure 4:
(41) (Po/P1)sefm e meom e 4. 50

Fr%m items (8) and (41) and the definition of the parameter

DETERMINATION OF thp/M., SPECIFIC FUEL CONSUMPTION, AND
OTHER PERFORMANCE PARAMETERS

Using items (1), (2), (39), (10), and (9) gives

(48) Dem T4/t oo e e teemmcnam 2,787
From items (7) and (9):

(44) VA/519/t, ftfsec. . e 1000
and from item (44) read on figure 2 (b): :
(45) Yo o e 0. 160
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From items (1), (2), (5), (45), and (16):
(48) neme Y i/ Co— Y e e 0. 039
From items (46), (43), and (42), read on figure 5:

(47) thp,, ﬂ°5—19: hp/(slugfsec) - _.__ e mcmcmm——cemeee -

o .
The thrust horsepower per unit mass rate of air flow
developed by the propeller is obtained by using items
(47), (1), (4), and (9):
(48) thp,/M,, hp/(slugfsec) - - .
Ttems (48) and (6) are substituted in equation (5); the
thrust per unit mass rate of air flow developed by the
propeller is
(49) Fp/M,, Ib/(slugfsec) - .
Using items (6) and (7) in equation (la.) gives
(60) Fy/M,, Ib/(slugfsec) - o ___ 267
and then items (50) and (6) in equation (2) give
(b1) thp;/M,, hp/(slug/sec) - - ____ 356
Now, from items (48) and (51):
(62) thp/M,, hp/(slug/sec) - oo _____
and from items (49) and (50):
(53) F|M,, 1b/(slug/see) L ___
The specific fuel consumption is evaluated from items
(27) and (52): .
(54) Wyfthp, Yb/hp-hr_ . 0. 608

2399

EFFECT OF MASS OF ADDED FUEL ON F/Mas AND thp/d.

When more accurate results are desired, the effect of the
mass of fuel introduced is accounted for in the calculations.
The effect of the added fuel is handled by substituting the
product of the turbine total efficiency 5, and (14-f) for the
value of 5, which will now be done for the case just con-
sidered.

From item (26) the adjusted value of item (40) becomes

R ) — 2. 398
From figure 4 is obtained the correspondmg

(56) (PofPy)rafe - o oo oo oo 4. 61
From items (56) and (8):

(B X e 1. 30
By use of the modified value of 5,, item (43) becomes

(58) mem e Taflom e o oo e e L 2. 827
and item (46) becomes .

(89) nen e Yo/ Ca— Y el 0. 0410
Using items (57), (58), and (59) in figure 5 gives

(60) 2= ”"” Ze 5;9 B/ (S1Ug/5€0) — - — e 2351
or

(61) thpy/ M., hp/(slug/see) - - ____ . 2497
Evaluating the propeller thrust from items (61) and (6)

and from equation (5) gives

(62) Fy/Mg, Ib/(slugfsec) - - oo 1874
In evaluating the jet thrust from items (6) and (7),
equation (1b) is now used and gives

(63) Fif M., 1b/(s1ug/sec) _ - - o e 281
From items (63) and (6) and from equation (2):

(64) thpi/M,, hp/EUE/S€0) oo 375
The total thrust horsepower per unit mass rate of air

flow from items (61) and (64) is.

(65) thp/M., hp/(8lug/see) - - e oo 2872
From items (62) and (63): -

(86) F/M., Ib/(8lug/sec) - oo oo oo 2155
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.and from items (65) and (27):

(87) Wifthp, ID/thp-hro - - e e 0. 583

ACCURACY OF METHOD

The final equations for thrust horsepower (eqs. (A24) and
(A34)), from which figure 5 is plotted and which are derived
with the aid of several simplifying assumptions, give values
of thrust horsepower which check very closely with values
obtained from very accurate step-by-step evaluation of
conditions throughout the cycle. Over a wide range of
opersting and flight conditions, the maximum error in the
value of thrust horsepower obtained from the charts is less
than 0.5 percent.

The results of the examples used to illustrate the use of the
charts give an indication of the effect of ¢ on the thrust horse-
power. For the conditions of the example, choosing an
approximate value of e=1.0 results in & value of thrust horse-
power about 7 percent different from the value of thrust
horsepower evaluated from the more accurate value of
¢=1.025. In general, the percentage error in thrust horse-
power will range from two to four times the percentage error
in e. In cases where the combination of conditions is such
a8 to result in low walues of thrust horsepower, an error in
has & much greater effect on thrust horsepower.

Also, for the set of conditions chosen, the thrust power is
about 4 percent greater and the specific fuel consumption

.about 4 percent lower when the added mass of fuel is taken

into account. In general, if good accuracy of results is
desired from the charts, it is necessary to include the effect
of added fuel.

TURBINE-PROPELLER-ENGINE PERFORMANCE

In order to illustrate the performance and some of the
characteristics of the turbine-propeller engine, several cases
are presented. TFirst, the performance of the turbine-
propeller system over a range of flight and engine-design-point
operating conditions and fixed design-point component offi-
ciencies is discussed. Each set of design-point operating
conditions and component efficiencies represents a different
engine. Second, the off-design-point performance of two
specific turbine-propeller engines (with given sets of matched
components) is discussed. For this case a method is pre- .
sented for matching components; also the interrelation
between component characteristics and over-all engine per-

. formance is shown.

DESIGN-POINT ENGINES

For the purpose of illustrating the manner in which the
thrust horsepower per unit mass rate of air flow and specific
fuel consumption are influenced by compressor pressure ratio,

‘combustion-chamber-outlet temperature, flight speed, and

ambient-air temperature, the following fixed parameters are
assumed:
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Compressor adiabatio efficiency, mo- - - oo oo momomee 0. 85
Turbine total efficiency, 7¢- - - oo _______________ 0. 90
Combustion efficieney, gy _______________ 0. 96
Propeller efficiency, 7p- oo . 0. 85
Exhaust-nozzle veloeity coefficient, Cyooo o ____________ 0. 97
Lower heating value of fuel, h, Btuflb_____________________ 18,900
Correotion factor, e .o 1. 00

The jet velocities in all cases considered were the optimum
jet velocities evaluated from equations (4a) and (4b).

The effect of the mass of fuel added is included in these
performance calculations.

Ta
(°R)
.70 1600
N /
N A
.60 \\ ——//
£ P
£
£ N /2000
R SN 4
= 50 N \_/
g A\
\ L 2400
o —— 2800
1 l500
30
———— Moximum F/M, a
S O O I I s Minimum W /(F/a}

7 7
3 / 1 X
] / /
S £ ™
= / / 28005
a /
= sl /
- 5 A V4
-] 7/ T~
30 // //\
<, / /
] 7 3400
/
P, — Ve
vd
3 / w\_
/ d
,/
2 bt o AN
> 2000,
(a) ~
, | ~i600
3 4 5 5 3] 10 20 30 40
Po/Py

n) Vi, 0; o, 518° R; V; luleetperseeond «, 4 pounds thrust per horsepower (to convert jet
( ) ! thrust toequlv:'a!entshafthorsapower) }

The values of component efficiencies and e at the design
point will tend to vary with change in design-point operating
conditions. In the present computations, the component
efficiencies and e were assumed constant at the values listed.
The method illustrated in the examples for using the charts
was followed in evaluating the performance.

The performance of the system is presented in figure 8;
the thrust horsepower per unit mass rate of air flow (or
equivalent propeller shaft horsepower per unit mass rate of
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F1GURE 8 —~Performance of turbine-propeller engines for range of design-point fiight and englne operating conditions; »,, 0.85; ns, 0.80; 73, 0.86; Cy, 0.97; A, 18,900 Btu per pound; ¢, 1.00.
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air flow for the static case, V;=0) and the specific fuel con-
sumption are plotted against compressor pressure ratio for
various values of combustion-chamber-outlet temperature
at several combinations of airplane velocity and ambient-air
temperature. The range of T, investigated was from 1600°
to 3200° R, and the compressor pressure ratios ranged up to
40. Lines for compressor pressure ratios giving maximum
thrust horsepower per unit mass rate of air flow (X=1) and
for minimum specific fuel consumption at any temperature
T; are included in the figure.
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pound; ¢, 1.00.
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Performance curves at V=0 and #,=>519° R are shown in
figure 8 (a). For this case where the thrust horsepower is
zero, the equivalent total shaft power per unit mass rate of
air ﬂow F[M.« and specific fuel consumptlon based on equiv-
alent shaft power are plotted against compressor pressure
ratio. The factor « was assumed equal to 4 pounds per horse-
power in order to convert the jet thrust into equivalent shaft
power. The optlmum jet velocity calculated from equation
(4b) for this case is 144 feet per second.

In figures 8 (b) and 8 (c) are presented curves of thrust
horsepower per unit mass rate of air flow and of specific fuel
consumption plotted against compressor pressure ratio.
Figure 8 (b) is for the case of V,=733 feet per second and
%=>519° R; and figure 8 (¢), for V,=733 feot per second and
£,=412° R. ' The optimum jet velocity for both these cases,
computed from equation (4a), is 902 feet per second.

The curves of figure 8 show that with no limitation on
compressor pressure ratio, higher thp/M, (or equivalent °
total shaft power per unit mass rate of air flow when the
system is at rest) and lower specific fuel consumption can
be obtained by increasing the 7). At any given T there
is an optimum P,/P, for maximum thp/M, and an optimum
Py/P, for minimum W,/thp. The compressor pressure ratio
for minimum specific fuel consumption is greater than that
required for maximum thp/M,.

The effects of flight speed and ambient-air temperature
on the performance of the turbine-propeller system at a
given combustion-chamber-outlet temperature of 1960° R
are shown in figure 9. In figure 9 (a), the thp/M, and
W,fthp are plotted against ambient-air temperatures at ¥,
of 367 and 733 feet per second for the following cases:

(a) Compressor pressure ratio chosen to give maximum

thp/M, (X=1)

(b) Compressor pressure ratio chosen to give minimum

Wifthp
At each flight speed, the corresponding optimum jet velocity
i1s used.

This figure shows that £, has an important effect on the
performance values; the thp/M, decreases and the specific
fuel consumption increases appreciably as ¢, increases. For
the given conditions, the thp/M, decreases about 30 percent,
for both cases (a) and (b) as #, increases from 393° to 519° R
(the 393° R temperature corresponds to an NACA stand-
ard eltitude of 35,332 ft, the start of the tropopause).
The values of thp/M, for case (a) are about 13 percent greater
than those for case (b) over the range of # investigated.

The specific fuel consumption increases about 25 percent
for both cases () and (b) as the ambient-air temperature
increases from 393° to 519° R. The values of W,/thp for
case (a) are about 10 percent higher than those for case (b).
It is also evident from figure 9 that increasing flight speed
results In only slightly increased values of thp/M, and
slightly decreased values of W,/thp for both cases (a) and (b).
Over the range of ambient-sir temperatures considered,
increasing the flight speed from 367 to 733 feet per second
results in changes in thp/M, and W,fthp of about 2 percent.
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The compressor pressure ratios associated with the per-
formance values given in figure 9 (a) are presented in figure
8. (b). The large increase in required pressure ratio from
the condition of X=1 to the condition of minimum specific
fuel consumption is to be noted.

In figures 8 and 9, it was assumed that the compressor
adiabatic efficiency remains constant at 0.85 regardless of
the pressure ratio. As the desired pressure ratio is increased,
however, it becomes increasingly difficult to design a com-
pressor to maintain g high adiabatic efficiency. A reduction
in the compressor adiabatic efficiency with increase in pres-
sure ratio reduces the gains derived from increase in pressure
ratio and hence reduces the value of the optimum pressure
ratios for maximum thrust horsepower per unit mass rate
of air flow and for minimum specific fuel consumption.

This condition is illustrated in figure 10 in which a turbine-
propeller engine equipped with a multistage axial-low com-
pressor having a polytropic efficiency 7., of 0.88 is con-
sidered. The other parameters of the engine are the same
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as for figure 8 (b). Figure 10 shows the over-all adiabatic
efficiency of the compressor, the specific fuel consumption,
and the thrust horsepower per unit mass rate of air flow
for a range of pressure ratios. The pressure ratio is increased
by adding stages to the compressor. Although the poly-
tropic efficiency is held constant, the over-all compressor
adiabatic efficiency decreases with increase in pressure ratio.
At a pressure ratio of 5, the compressor adiabatic efficiency
i8 0.85, the value used in the computations for figures 8 and 9.
For the range of T shown, the values of P;/P,; for maximum
thp/M, and minimum W,fthp are lower for the case when
the reduction in compressor adiabatic efficiency with in-
creased pressure ratio is considered than those for the case
of constant 7, of 0.85. This change in P;/P; for maximum
thp/M, and minimum W,/thp is more pronounced at the
higher value of 7.

The effect of increasing pressure ratio across the turbine
on turbine efficiency is not easily predicted. In the design
of a turbine for greater pressure ratios, the number of
turbine stages is usually increased and the pressure ratio
per stage is increased, in order to economize on the size
and weight of the turbine. Increasing the number of tur-

- bine stages tends to improve the over-all turbine efficiency
(provided that the efficiency per stage remains the same).
However, increasing the pressure ratio per stage may result
in some reduction in stage efficiency, which will offset the
gains obtained by the increased number of stages. The
net effect on the over-all turbine efficiency depends on the
compromise between pressure ratio per stage -and number
of stages.

ENGINE WITH GIVEN SET OF MATCHED COMPONENTS .

The points on the previous performance curves pertain
to a series of turbine-propeller engines in which the com-
ponents are changed to provide the desired characteristics
at each point. It is of interest to examine over a variety
of operating conditions the characteristics of a turbine-
propeller engine having given compouents.

Two engines are considered in this study. One engine
has a propeller, an axial-flow compressor, and two independ-
ent turbines (divided turbine system); one turbine drives
only the compressor and the other drives only the propeller.
The second engine contains the same components, except
that the two turbines are connected to provide a single
rotating system (connected turbine system).
chosen have performance characteristics fairly representa-
tive of their type and are not to be interpreted as being the
best available. Although the performance of each engine
depends on the characteristics of the particular components
chosen, some general trends may be demonstrated by con-
sidering the illustrative case. Plots of the characteristics
of the components and the performance of the turbine-
propeller engines incorporating these components are pre-
sented in figures 11 to 18. Calculations of engine perform-
ance were simplified by neglecting the mass of fuel in
evaluating turbine output, by mneglecting any losses in
transmitting the shaft power from turbine to propeller, and

Components
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by assuming the drop in totel pressure through the combus-
tion. chamber proportional to the combustion-chember-inlet
total pressure. The errors introduced by these simplifi-
cations are too small to influence the basic trends illustrated.
In the computation of the performance of the turbine-
propeller engine, the following parameters are assumed:

Combustion efficiency, 75w e oo mo oo caccaaaal 0. 06
Exhaust-nozzle velocity coefficient, C,_ o _._.__...__. 0. 97
Lower heating value of fuel, &, Btu/lb. - - o emeeee 18,900

In order to simplify the specific fuel consumption plots, the
specific heat at constant pressure of the gases during com-
bustion was assumed to be a function only of T%/T:.
Compressor characteristics.—The conventional presenta-
tion of the performance curves for an illustrative 8-stage
axial-flow compressor is given in figure 11. Values of

"P3/P;, 7., and K, are plotted against the M,+/6,/5, for various

values of U,/+6;. The slip factor is defined as

__550hAp,
T MU

(10)

At a given U/, reducing the M,+/6,/5 by throttling

~ the compressor outlet first results in & very rapid increase

in pressure ratio and efficiency and then a more gradual
increase in these parameters to peak values. Excessive
throttling to the position indicated by the surge line results
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F1GURE 11.—Charaocteristics of axial-flow compressor.
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in stalling of the compressor, which is accompanied by
surging of the air flow. It is to be noted that operation at
higher tip speeds is limited to narrower ranges of mass flow.

Turbine characteristics.—The performance characteristics
of a typical single-stage turbine with moderate reaction
are shown in figure 12. The mass-flow factor of the gas
through the turbine is plotted in figure 12 (a) against P,/p;
for various values of U,;/V;. The turbine jet velocity
V1 i8 defined as the theoretical jet velocity developed by
the gas expanding isentropically through the turbine nozzle
from turbine-inlet total temperature and pressure to turbine-
outlet static pressure. The values of the upper abscissa
V.1/+f0. corresponding to the values of P,/p; are obtained
from the velocity equation ’

! Ye—1
Vi D5\ e
7_5—\/2&:,,,519 [1—<P) ]
The values of the upper ordinate A V,,/8; are obtained
from the product of M,/0,/8, and V,,/4/6,. TFor pressure
ratios across the turbine greater than 2.54, the value of
Mf8,/3, is constant (that is, choking occurs at the turbine
nozzle).

The turbine total efficiency 7,; is principally a function
of U,1/V:, and, to o lesser extent, a function of the pressure
ratio across the turbine and the Reynolds number; 7., is
defined as
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(8) Mass-flow characteristics.
F1aUrE 12,—Oharaocteristics of first single-stage turbine.

The relation between total efficiency, blade-to-jet speed
rafio, and pressure ratio is given in figure 12 (b); the Reynolds
number effect is omitted in this analysis. The turbine-
shaft efficiency #;,,, also shown in figure 12 (b), is defined as

7 =550 hpg'l

Ne,1 1 (llb)
'5 MzV?, 1
In this definition the turbine is not credited with kinetic
power corresponding to the average axial velocity of the gas
at the turbine discharge. In the plot of T.I7 m/‘T; against
1 1
U.1/V:1 in figure 12 (b), the effect of Py/ps is so slight that
only a single curve is shown. The parameters _ﬁ?—l; and
t,1 31
M.V, 1/8 are useful in evaluating turbine operating condi-
tions for given turbine work output and compressor operating
conditions.
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Gas generator.—The combination of compressor, combus-
tor, and turbine which drives the compressor is referred to as
the gas generator. It converts the heat energy from -the
fuel to energy available in high-temperature, pressurized
gases. These gases are expanded in a second turbine which
drives the propeller and are further expanded in the exhaust
nozzle to provide jet power.

‘When the compressor and the turbine of the gas generator
are matched, it is necessary that the mass flows through the
components be consistent (that is, the gas flow through the
turbine equal the sum of the air flow through the compressor
and the fuel flow) and that the compressor work required
equal the turbine work output. The compressor,and the
turbine sizes are so adjusted that desired mass-flow factors
through the components are obtained when the compressor
is operating at its design point and design turbine-inlet to
compressor-inlet temperature ratio 7,/77 is maintained.
The turbine of figure 12 is matched with the compressor of

and a design compressor pressure ratio P;/P; of 5.1 at & tip
speed factor U,/y/6; of 1062 feet per second. These condi-
tions permit operation sufficiently far from the compressor
surge line to ensure stable operation of the gas generator over
a wide range of conditions off the design point.

Lines of constant temperature ratio T/} for the matched
turbine and compressor are shown superimposed on com-
pressor characteristics in figure 13 (a). If the difference
between M, and M, (due to added fuel) is neglected, the
following identity can be wriften:

Mam P4 ﬁMl'\/_ZT‘
P, PANVT, P,

If r represents the ratio of the drop in combustion-chamboer
total pressure to the compressor-outlet total pressure, then

AP2=P2"‘—P4=TP2
or

figure 11 for a design-point temperature ratio 7}/T; of 4.23 Pi=(1—r)P;
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Hence,

P, PYT, P,
or

Mﬂ,/ﬂ_l P2 Tl Mg'\/e—l

6 TPV,
In operating regions where choking of the flow occurs at
the turbine nozzle, the value of 14;+/6,/8, becomes constant
(for example, for pressure ratios P,/ps greater than 2.54 for
the turbine shown in fig. 12 (8)). When this constant value
of My+/6,/5, is substituted into equation (12) and a value is
assumed for r, it is possible to compute the value 7}/T;
at any value of M.+/06,/5, and the corresponding P,/P,. In
the nonchoking region, the value of M,+/6,/3, is not so
easily determined, and the more general method deseribed in

appendix C is used. .
It is evident from the lines of constant T/T; that, at any
given rotational speed and compressor-inlet temperature

(12)

Ty, increasing the combustion-chamber-outlet temperature
T, is equivalent to throttling the compressor. This increase
in T, causes an increase in compressor pressure ratio and
decreases the mass-flow factor. Excessive combustion-
chamber-outlet temperature may carry operation into the
surge zone.

Lines of constant M,+/6;/55 are also plotted on the gas-
generator operating curves (fig. 13) because these curves
link the operation of the second turbine with that of the gas
generator. If the difference between M, and MM, is again
neglected, the following identity can be written:

MfB_MA0,_[T5T; (P, P,
85 61 T4 T1 P4 P
At any operating point, the quantities M,~/6,/8,, T/ Th,
and P,/P, can be read and P,/P; computed from

(13)

PyP,=(1—r)P,/P,
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The corresponding values of P/Ps and T/ Ty are determined
by the method described in appendix C, and the correspond-
ing M +/05/8; is evaluated from equation (13).

For the gas-generator combination, the compressor power
is equal to the turbine power; hence, from equations (10)
and (11) and again from the assumption that 1/, and M, are
equal,

KoU§=% 7.1 Vi (14)
and
UeY_1(VurY
K. (ﬁ;) =3 U,,;) 1,1 (15)

The ratio of compressor tip speed U, to the turbine-blade
speed U,; is a constant for any given engine. Thus, any
value of K, determines the value of %, ; (V,/U.,1)* and, from
figure 12 (b), determines the value of U :/V from which the
values of ,; and 5, ; can be obtained, when the effect of

pressure ratio across the turbine is neglected. A value of
U.JU,; equal to 1.0 was chosen for the engine. TFor the
compressor shown in figure 11, the variation in the value of
K, over the entire operating range was from 1.5 to 2.1. The
corresponding variation in Uy;/V,; was small enough that
the turbine operated at nearly constant efficiency over the
entire operating range of the gas generator.

. Matching second turbine.—For operation at a given flight
Maech number, a characteristic of the gas generator is that
along a given U./+/6; line the pressure ratio available for
further expansion at the inlet to the second turbine Ps/po
decreases a8 M,/0;/5; increases. This trend is shown in
figures 13 (b) (for ¥=0.10) and 13 (¢) (for ¥'=0), which are
plots of the gas-generator operating characteristics showing
lines of M +/65/85 (which are independent of flight speed) and
lines of Ps/p, (which are a function of flight speed). The
possible operating range on figure 13 is located between the
surge line and the line of limiting values of M,+/8,/é; permitted
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by the second turbine. Any limiting value of M65]55 is
the value of the mass-flow factor through the second turbine
when the pressure ratio across the turbine is equal to the
maximum pressure ratio available Ps/p,. It is evident that
the second turbine should be designed to permit limiting
values of M,+/6;/8; sufficiently large to provide the engine
with a reasonable range of operation on the gas-generator
plot. The increase in M, V/05/35 is accomplished by designing
a larger second-turbine nozzle area. Excessive increase in
design turbine-nozzle area should be avoided, however,

because, for a given M,+/6,/5 (as set by the gas generator),
there results a reduction in pressure ratio required across the
second turbine, which is accompanied by a reduction in the
power obtainable from this turbine. An inefficient distribu-
tion of power between the propeller and the exhaust jot may
result. The second-turbine nozzle area chosen for design
operating conditions should be the best compromise between
extent of operation and efficiency of power distribution
between the propeller and the exhaust jet.

The characteristics of the second turbine which drives the
propeller are shown in figure 14. They are similar to those
of the turbine driving the compressor (fig. 12), except that
the maximum values of the mass-flow factor are different.

Matching propeller.—The problem of propeller matching
involves mainly the selection of proper propeller size and
proper relation between propeller and turbine speeds, so
that the propeller will have a high efficiency at engine design
conditions and maintain high efficiency over a wide range of
off-design engine operation. A value of U, :/N,, based on
reasonable estimates of turbine pitech-line diameter and gear
reduction ratio between the turbine and the propeller, is
chosen. This value of U, s/N,, when once fixed for a given
engine, determines the value of IV,/+/6; for any engine operat-
ing condition (U,s/V .3 and V, /6 being known for that
operating condition) and affects the manner in which pro-
peller efficiency varies with changing engine operating condi-
tions. At any operating condition of the engine, the flight
speed factor Vo/+/6; is known, and the propeller-shaft horse-
power factor hp,/+/6:5; can be evaluated. Fixing the values

Vf'z/-\lﬁg, fl/sec
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FI1aURE 14,—Oharacteristics of second single-stage turbine,
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of propeller diameter D, and U,s/N, (and hence, N,/+/6;)
determines the values of power coefficient C, and advance
ratio Vu/N,D, at every operating point; these values in
turn determine the propeller efficiency. The variation of
propeller efficiency with engine operating conditions depends
on the values of D, and U,3/N; selected. Therefore, the
propeller diameter D, and, to some extent, the value of
U,s/N, are adjusted by triel until & good compromise of
propeller efficiency and engine operating range is obtained.
Reference 6 presents a similar and more detailed discussion
of matching a propeller to & turbine for the same type engine
considered here. Figure 15 shows the characteristics of a
high-efficiency four-bladed propeller at flight Mach numbers
of 0.55 and 0.71. Values of the power coefficient C, are
plotted against the advance ratio Vo/IV,D, for various values
of propeller efficiency and blade angle. The propeller
efficiency is largely dependent on tip Mach number and drops
off rapidly when a value of tip Mach number slightly greater
than 1 is exceeded. The maximum efficiencies range from
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F1QURE 15— Characteristics of high-speed propeller.

about 0.93 at flight Mach number of 0.55 to about 0.88 at

flight Mach number of 0.71. At higher flight Mach num-
bers, because tip Mach numbers greater than 1 are almost
always encountered, lower efficiencies exist. The values of
propeller efficiency presented in figure 15 are based on actual
shaft power input to the propeller and do not include losses
involved in the transmission of power from turbine to
propeller.

Performance of engine with divided turbine system.—
Any point on the plot in figure 13 (a) represents the gas
generator operating at a given set of conditions such as
U8, MoA8:/5,, To/ Ty, PofPy, and M05/6. The M~05/55
at any point is fixed; it is therefore evident from figure
14 (a) that the second turbine, if unchoked, can operate
only over a range of definite combinations of U,./V,, and
Py/ps. Hence, for every point on the gas-generator curve
the second turbine can operate over an extent of pressure
ratio Py/ps and corresponding U, o[V 2; the power output of
the turbine, the turbine efficiency, the jet power of the
engine, the propeller speed, and the propeller efficiency all
vary accordingly. :

‘When the mass-flow factor M /05/5; is the maximum value
that the second turbine can attain (in other words the flow
through the turbine is choked), the pressure ratio across the
turbine is independent of U, s/V 4 (see fig. 14 (a)). Thus any
point on the gas-generator plot along this choking M +/6,/5;
line corresponds to operation at any combination of U,,/V,
and Ps/ps. (The quantity Ps/ps may have any value equal
to or greater than that required for choking but not ap-
preciably greater than the available Ps/p, at the operating
point. The case in which p, is less than p, is possible;
however, it necessitates a diffuser to discharge the gas from
the turbine outlet to the atmosphere and is generally not a
desirable condition.)
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The value of M,+/8;/8s which gives choked flow in the second
turbine sets one of the limits on the possible operating region
in figure 13 (a). For the turbine under consideration (fig.

14), the maximum value of M,+/6,/5; is 0.60 slug per second,

and hence all points in figure 13 (a) at values of M,+/8,/5s
greater than 0.60 slug per second are unattainable. Further-
more, in order to attain this choked flow, the available Py/p,
must be equal to or greater than the choking pressure ratio
2.54 given in figure 14 (2). Figure 13 (b) shows the pressure
ratios Py/p, corresponding to figure 13 (a) and Y=0.10 (Mach
number, 0.71). The point S marks the intersection of the
line of M,+/0:3;=0.60 slug per second with the line of
Ps/po=2.54. All points on the line of M,~/0;/8;=0.80 slug per
second to the right of point S have values of Pg/p, greater
than 2.54 and hence are attainable conditions.

To the left of point S in figure 13 (b), the line of M, +/6/8=
0.60 slug per second intersects values of Ps/p,less than 2.54
and hence is an unattainable condition (if p, is limited to
values equal to or gréater than p,). Figure 14 (a) indicates
that in this region the attainable value of M,+/8:/5; depends
on the values of Py/ps and U,s/V, 3. The dashed curve in
figure 13 (b) gives the meximum attainable value of 1M,~/0:/5s
corresponding to the condition U,3/V,,=0.5 (at which the
efficiency of the second turbine is & maximum). The region
in figure 13 (b) between the line of maximum sattainable
M, +/65/55 and the surge line is the possible operating range
for the combination of turbines chosen in this illustration at
Y=0.10. The dashed curve can be shifted somewhat by
choosing & different value of U,/ Vs.

The conditions of figure 13 (c) correspond to those of figure
13 (a) and zero flight speed (Y'=0). In this case all values of
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Ps/po shown are less than 2.54, and the choked condition in
the second turbine is not attained. The dashed curve is
again the upper limit on the value of M,~/6y/8; for U,/ V=
0.50, and operation for this flight condition is limited to the
narrow strip between the dashed line and the surge libe.

The permissible operational region discussed in connection
with figure 13 will now be discussed in greater detail.

A plot showing the relation between operating parameters
of the second turbine and the gas generator is shown in figure
16. The blade-to-jet speed ratio U, s/V,, is plotted against
Py/ps for lines of constant T,/T; or M,+/6,/5,. Figure 16 (2)
isfora constant tip-speed factor of 1062 feet persecond. Every
point on the gas-generator plot (fig. 13) at this value of tip-

speed factor has a unique value of M,+/8,/3; and T,/T; and is
represented by a line of operation on the engine- operating
plot of figure 16 (a). This characteristic is evident from the
previous discussion, in which it was shown that there is a
series of combinations of U,./V,s and Pg/ps corresponding
to every point on the gas-generator plot. The region in
figure 16 (a) at pressure ratios P;/p, of 2.54 and greater (in
which the second turbine is choked) corresponds to operation

at the point in figure 13 on the U,//6;=1062 feet per second
line where NM,+/0;/8;=0.60 slug per second.

The operation-limit lines at which the entire Py/p, available
equals Py/ps, for flight Mach numbers equal to 0 (¥Y=0), 0.55
(¥Y'=0.06), and 0.71 (¥'=0.10), are also shown on figure 16 (a);
operation is possible between the surge line and these limit
lines for the specified Mach number. It is noted that for
zero flight speed (¥Y=0) the Py/p, available is never great
enough to obtain choked flow through the second turbine.
Figure 16 (b) is similar to figure 16 (a), except that the
compressor tip-speed factor is 1006 feet per second. Because
the available Pg/p, is lower at this lower U,//8;, the range of
operation of the turbine at the same flight Mach numbers is
smaller.,
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The over-all performance values of the engine which have
been superimposed on figure 16 are shown in figure 17.
The values of the total-thrust-horsepower factor thp//6,8;,
the specific fuel consumption, the propeller efficiency 7,, and
second-turbine efficiency 5., at any values of U,,/V,, and
Pg/ps are shown in figure 17 (2) for Y=0.10 (Mach number,
0.71) and compressor tip-speed factor of 1062 feet per second.
Figure 17 (b) is for U,/+/0,=1062 feet per second and Y=0.06
(Mach number, 0.55) ; figure 17 (c), for U,/+/6,=1006 feet per
second and ¥Y'=0.10; and figure 17 (d), for U.8;=1006 feet
per second and Y—O 06. The curves of 7,; which are
functions of U,./V,s; and Ps/ps only, are the same for all
plots of figure 17 and hence are given only in figure 17 ().
In order to evaluate 7,, values of D,=13 feet and U, ./N,=
80 (ft/sec)/rps were selected for the engine.

These figures show the effect of varying Ps/ps and U, 2/V 2
on the over-all performance of the engine. In the range of
values of U, s/V; from 0.45 to 0.60 and over the entire range
of values of Py/ps shown in figure 17, the maximum variation
in thp//6,8; is about 15 percent and the maximum variation
in specific fuel consumption about 20 percent. In this range
of values of U,3s/V s (0.45 to 0.60) and Ps/ps, the values of
turbine efficiency and propeller efficiency do not vary appre-
ciably. At low values of P;/ps, the power output is large,
mainly because the operating T/T} is high. However, the
percentage of propeller-shaft power to total power available
as useful work is much less than the optimum value. In-
creasing Py/ps improves the efficiency of the power distribu-
tion between the propeller and the jet, which together
with an accompanying improvement in compressor efficiency
leads to decreased specific fuel consumption of the engine.

The effect of flight speed on performance factors is slight
at both tip-speed factors shown. The total-thrust-
horsepower factor increases slightly, and the specific fuel con-
sumption decreases slightly with increased flight speed. It
should be noted that, inasmuch as the factors 4, and 5; both
increase with flight speed, the values of thrust horsepower
increase much more than the values of thp/4/6;5,. At a given
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M/6,/8, or T/ T,, the specific fuel consumption decreases as

flight speed increases mainly because of operation at higher

- values of T,. At the lower flight speed, the propeller effi-
ciency is less sensitive to a change in operating conditions
and remains at a hlgher value over & large part of the operat-
ing range shown in figure 17.

The thrust—horsepower factor drops off rapldly 2s com-
pressor tip-speed factor is reduced from 1062 to 1006 feet
per second. This decrease is due to operation in a region
of lower T/}, lower mass-flow factors, and lower compressor
pressure ratios. The specific fuel consumption also suffers
when the tip-speed factor is reduced, mainly because of the

, accompanying decreases in compressor pressure ratio and
TJT,. At a tip-speed factor of 1062 feet per second and
Y=0.10, an optimum specific fuel consumption of about 0.60
pound per thrust-horsepower-hour is obtained, and the corre-
sponding thrust-horsepower factor is about 2700 horsepower.
At Uf+/6, of 1006 feet per second and ¥=0.10, the optimum

specific fuel consumption is about 0.64 pound per thrust- -

horsepower-hour, and the corresponding thrust-horsepower
factor about 2200 horsepower.

The ropid drop in thrust-horsepower factor with com-
pressor tip-speed factor is even more pronounced at the lower
tip-speed factors, because the propeller is unsuited to handle
efficiently the low shaft powers that accompany the lower
tip-speed factors (this characteristic is not evident from
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engine-performance figures which are presented only for
values of U/, of 1062 and 1006 ft/sec). This observation
emphasized the fact that this type of engine is very largely a
meaximum compressor tip-speed engine. The use of a free-
wheeling turbine to drive the propeller permits a wider range
of propeller operating parameters for given engine operating
conditions than does the single-turbine engine, because the
speed of the second turbine is independent of compressor
speed. Better propeller performance can thereby be ob-
tained.

In order to obtain the operating ranges shown in the plots
of figures 13 and 17, a variable-area exhaust nozzle is re-

_quired. The effective exhaust-nozzle area corresponding to

design conditions (U./+/6,=1062 ftfsec, T\fT\=4.23, P,/P,=
5.1, U,s/V:2=0.50, and Py/ps=2.6 at Y¥=0.10) is 1.08
square feet (evaluated by the method described in appendix
D). This constant-area line of operation is included on
figure 17. At any given flight Mach number, each point on
the gas-generator plot has a small range of exhaust-nozzle
areas associated with it. Conversely, at any flight Mach
number each exhaust-nozzle area corresponds to a small
range of operation along any U,/+/6; line on figure 13. The
entire region of operation for constant exhaust-nozzle area
A,=1.08 square feet over a range of compressor tip-speed
factors is included between the dashed curves in figure 13 (a)
for Y=0.10. TFigure 17 shows that the design nozzle area
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F1GURE 17,—Continued. Total-thrust-horsspower factor and specific fuel consumption of matched turbine-propeller engine; s, 0.96; Gy, 0.97; 5, 18,900 Btu per pound; A P4/ Py, 0.03; APy/ Py, 0.05;
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of 1.08 square feet allows operation at almost optimum
engine efficiency for the ranges of compressor tip-speed fac-
tor from 1006 to 1062 feet per second and of ¥ from 0.06
to 0.10 but at powers lower than maximum. The variable-
area nozzle allows o much wider choice of combinations of
economy and power than the fixed-area nozzle.

Temperature-stress limitations.—An important consider-
ation in the determination of engine operating limits is the
limitation due to excessive stresses in the turbine blades,
which is a function of turbine pitch-line velocity, turbine-
inlet temperature, and turbine design. The stresses in
turbine blades are discussed in reference 7 for a range of
pitch-line velocities for various turbine-blade designs and
turbine sizes. Reference 8 shows the allowable stress of

.

several turbine-blade materials as a function of temperature.
In plots similar to figures 13 and 17, these factors must be
taken into account in determining the regions of operation.
Inasmuch as the value of the temperature at the turbine
inlets for given temperature ratios Ty/T; and T/ T; will vary
with T, the limits of the operating regions imposed by
strength considerations on- these plots are functions of 7.
The second turbine in the case of the divided turbine sys-
tem can operate over a range of pitch-line velocities (or
U,s/V.2) at any inlet temperature T;. Therefore, at any
TJT, or Ts/T, there may be some maximum value of
U,s/V.s that cannot be exceeded because of stress limita-
tions; this maximum value increases as Ty decreases. At
lower values of compressor tip-speed factor, the problem of
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limitation due to excessive stresses diminishes, particularly | fig. 13), the corresponding velues of T,/T:, M,+/6,/5;, and
for the first turbine, which has a pitch-line velocity directly | As,+/6,/6; depend on the power output of the first turbine.
proportional to U./+/6;. ‘When this power output is prescribed as in the case of the

Performance of engine with connected turbine system.— | engine with divided turbine system (where the power output
The engine with both turbines connected is restricted to a | is always equal to the compressor power), these factors are
fixed relation between turbine pitch-line velocity U;, and | all determined at every point. At a given Mg/6/5;, the
compressor tip speed U,. However, the power out of the | power output of the second turbine (or second stage) is
first stage (the first.turbine in the engine with divided | limited by the range of Pg/ps possible at this mass-flow
turbine system) is no longer limited to being equal to com- | factor (see fig. 14). When the engine with a divided turbine
pressor power. Some characteristics associated with the | system is operating at & given compressor point, it is thus
removal of the limit on turbine power distribution will now | limited to a range of power output of the second turbine,
be discussed. which depends on the corresponding value of M ,/8,/5s.

At any operating point on the compressor map (such as | The adjustment of the distribution of the available power
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between the propeller and the exhaust-nozzle jet is thus
often limited, and a low over-all engine efficienecy may result
at some off-design-point conditions. On the other hand,
when the engine with connected turbines operates at a
given compressor point, the values of 7,/T, and P,/Py can
be varied to give variable power output from the first turbine
stage by an adjustment in fuel flow, exhgust-nozzle area,
and propeller blade angle. This variation also leads to a

.4 1.6

Ps /PG

Mp
(@) Uy Jfg;, 1008 feet per second; ¥, 0.06 (flight Mach number, 0.55).
of matched turbine-propeller engine; n,,0.98; C, 0.97; &, 18,900 Btu per pound; AP/ Py, 0.03; APy/P3, 0.05;

UJ Uy 1.0,

range of values of M,+/6;/8; that correspond to the given
compressor operating point; hence, a larger range of power
output may be obfained from the second-turbine stage.
- Power extraction from both turbines may then be adjusted

to give more economical distribution of available power
between propeller and exhaust jet than is possible with the
divided turbine system, particularly at off-design operation.

Included in figure 17 are lines of operation for constant
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U./U,2=1.0. This condition pertains to the operating line
of an engine with the given connected turbine system having
a fixed relation between U,,; and U, and with the power
output of the first-stage turbine equal to the compressor
power. Figures 18 (a) and 18 (b) are performance plots
of the engine similar to that of figure 17 (a), except that the
power output of the first turbine is 3 and 7 percent greater,
respectively, than the compressor power. These increases

REPORT 1114—NATIONAL ADVISORY COMMITTEE FOR AERONATUTICS

in power output of the first-stage turbine are obtained by
increasing the combustion-chamber-outlet temperature T
and adjusting the exhaust-nozzle area and the propeller
pitch; the range of values of the increase in turbine power
is limited in order to avoid exceeding appreciably the
design value of T,. Operating conditions for these plots
are the same as for figure 17 (a), namely Y=0.10 and
U./4/6,=1062 feet per second. Lines' of operation at
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U./U,2=1.0 are again located on these plots and represent
the case of the engine with connected turbines under
consideration.

The operating lines for U./U,3=1.0 of figures 17 (a),
18 (a), and 18 (b) and the corresponding engine performance
are shown on a single plot in figure 18 (¢). This figure
shows the effect on total power and specific fuel consumption
due to varying the values of the ratio of the power output
of the first turbine to the compressor power hp, /hp. from
1.00 to 1.07. Operation over this range of values of hp,1/hp.
is possible for the engine with connected turbines, whereas
the divided turbine system limits engine operation to a
value of hp,./hp,=1.00. Figures 17 (a) and 18 show that
the engine with connected turbine system can achieve high
power increases and maintain good economy by increasing
the value of 7/T;. This desirable performance character-
istic is possible because efficient distribution of power
between propeller and jet is obtained at higher temperature
ratios by extracting more power from the first turbine stage,
which (by causing a higher value of M,+/6s/85;, which is
accompanied by an increase in pressure differential across
the second turbine) permits greater power output from the
second turbine. For the engine with connected turbines
illustrated, approximately a 20-percent increase in the total
power outpub is obtained by increasing the T,/T} from 4.23
(the design-point value) to 4.89 and increasing the value
of hp,1/hp. from 1 to 1.07 with an increase in specific fuel
consumption of only 1 percent. On the other hand, the
engine with a divided turbine achieves an increase in total
power of about 5 percent for this same change in 7,/T%
(sce fig. 17 (a)), while the specific fuel consumption increases
about 17 percent.

For the conditions shown in figures 17 (a) and 18, the
propeller and turbine efficiencies for the engine with the
connected turbines are not appreciably decreased by re-
strictions imposed by the fixed relation among U, U,,,
and U, for the interesting operating range. (The turbine
efficiencies in fig. 17 (a) apply to fig. 18.)

Operation over the entire region shown in figure 18 (c)
requires a veriable-area exhaust nozzle. The line of constant
A, of 1.08 square feet is included in this figure. For the
particular operating conditions covered in this figure, it is
seen that this constant exhaust-nozzle area permits operation
to be maintained at best efficiency for a range of powers
including maximum power. With A4, of 1.08 square feet,
the engine with a connected turbine can operate at U./,f5,=
1062 feet per second from the surge line to the limiting line

at which Me+/0;/55=0.60 slug per second. At other values
of compressor tip-speed factor, the region of operation on
the compressor map with constant-area exhaust nozzle is
much. greater for the engine with a connected turbine than
for the engine with a divided turbine.

SUMMARY OF RESULTS

For o series of turbine-propeller engines in which the
appropriate components are used to give the design-point
conditions and efficiencies, the following results were obtained :

1. At a given set of operating conditions, maximum thrust
per unit mass rate of air flow and maximum thrust horse-
power per unit mass rate of air flow occurred at a lower com-
pressor pressure ratio than that at which minimum specific
fuel consumption occurred.

2. An increase in combustion-chamber-outlet temperature
caused an increase in power output per unit mass rate of
air flow. Improved specific fuel consumption was obtained
with increased combustion-chamber-outlet temperature, pro-
vided that the compressor pressure ratio was correspondingly
increased. : ‘

3. An optimum jet velocity existed which gave best
distribution between propeller-shaft power and jet power for
maximum thrust horsepower and efficiency.

The following results were obtained from a study of two
turbine-propeller engines, one engine having a divided turbine
system in which the first turbine drove only the compressor
and the second turbine independently drove the propeller,
and the other engine having a connected turbine system
which drove both the compressor and the propeller:

1. The connected turbine system offered greater adjust-
ment of distribution of available power to the propeller
shaft and the exhaust-nozzle jet, thereby permitting more
efficient power distribution at off-design-point operation.

2. The divided turbine system offered more flexible control
of component rotational speeds, which enabled speed adjust-

~ment giving best combination of turbine and propeller

efficiencies.

3. When equipped with a constant-area exhaust nozzle,
the engine with the divided turbine system was limited to a
very narrow region of operation on the compressor operating
diagram, whereas the engine with the connected turbine
system was capable of & wide range of compressor operation-

Lewis Fricar ProruLsioN LABORATORY
NatroNaL Apvisory COAMMITTEE FOR AERONAUTICS
CreveLanDp, Omro, August 2, 1961



APPENDIX A

DERIVATION OF PERFORMANCE EQUATIONS AND MISCELLANEOUS. EXPRESSIONS

. In addition to those symbols previously listed, the follow- W, ideal work for adiabatic process, ft-1b/slug
ing symbols are used In these derivations: ) L.
. The jet veloclty is given by
¢, average specific heat at constant pressure of gases - )
during combustion process, Btu/(slug)(°¥F) (This Ve =7 550h
term, when used with the temperature change dur- ﬁ—z'] o6l < _i____p;____ (A1)
ing combustion, is used to determine fuel consump- ’ §Ma(1 + s
tion.)
H, enthalpy of air corresponding to ambient-air tempera- 7,1
ture &, Btu/slug (-&)" =1_( ) v (1_“’ B T (A2)
H; enthalpy of air corresponding to compressor-outlet
’ total temperature T3, Btu/slug . . .
P, free-stream total pressure, Ib/sq £t abs and when the last term is expanded into & series, i
R, gas.constant of air, 1716 ft-1b/(slug) (°F)
R, gas constant of exhaust gas, ft-1b/(slug) (°E) (1_ _ 1 _I_'Yg 14P, 2 (A3)
Ts total temperature at outlet of second turbine, °R v P
PP 7;‘1 a1 for small %
’ 1 Ya
X' factor equal to I:(Pg/Pl),,, | or (X) v By the use of equations (A2) and (A3),
1T Y1 Te—1 /
a1 Jon - B (%] o
Let
7,1
[ ]
Ya—1 (A5)
L)
and
7,1
B (e
g (A6)
Do\ Yo [(Ya—1 .
B) " (5 )ene ,
When equations (A4) to (A6) are used in equation (Al), |
‘ Ya=1
%=2Jc,,aT4{[1— Loy ] 2 AP 2l } 550hp (A7)
’ . 5 M a(l +f) Nt

Define
Vi
2J¢p,qto

Y= (A8)

The total temperature at the compressor inlet (which is
equal to the total temperature of the inlet air) is

S —t(147)-

7 Tl= 2J0P. a (Ag)

The ratio of the ideal stagnation pressure P, to the ambient-
air pressure is °

BB s

(A10)
148

The ratio of the actual total pressure at compressor inlet
to the ambient-air pressure is

Ya
B_BbBi_y gy (AR)(E)
Po— Do =(1+T) (P1><Po (A11)
from which
(1+Y>”° -
po + 5 Pd (A12)

The compressor-shaft horsepower expressed as a function
of compressor-inlet temperature and pressure ratio is
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M.Je, T, | /P “’::1 (A13) results in
hp=tlalnad —) —1 (A13)
e Pl Ya
ve—1_(1+Y 49 -/.,—1 (A15)
where the specific heats of air during the compression process 1 + Y 4+Y
are assumed constant. Because of this assumption, the . .
velue of the compressor-shaft power calculated from equation Equations (A12) and (A15) are combined so that
(A13) for a given pressure ratio, inlet temperature, and
efficiency is slightly greater than the actual compressor power. | (1 +AP a) Ta )
The deviation increases with increasing pressure ratio and ) Ya ' (A16)
inlet temperature. For values of T} up to 550° R and P,/P, P, 14T +0.Z
up to 40, the maximum error in compressor power is about . .
1 percent. and expanding gives
Define
(1+ v —1+“"’_1 A%y (A17)
_550hp,_ , Ys P
Z= MTeo o (A14)
’ P4 which is accurate for small values of AP,/P;.
g0 that substituting equations (A9) and (A14) into equation From equations (A16) and (A17)
Yo—1 —1 APd
1
— A
. - (P) 1+Y+mz : (A18)
When equations (A16) to (A18) are substituted into equation (A7),
_ va—1AP, ya—1 AP; ‘
YiaJe,.T, [K <Y+,,,z te B )—K' (1=2) 45 < MIEPN 7 ):]— 5504 (A19)
3 Pa
C: 1+Y +9.Z Ya 14+Y +9.Z lMa(l-i-f)m
The term involving the product of the pressure-drop ratios iwp— can be neglected so that equation (A19) becomes
V? 2(]0,, aT4 [ ( ’Ya—‘]. APd ,’Ya 1AP2 550’2’?;
: E(Y +9i——— —K — (A20)
2
0: 1+Y+77¢Z Ya Pl Ya P2 %"Ma(l'i'f)’]t
The factor ¢ is defined by the equation
Vi_ " Y+9.Z 550hp,
03—2J p.als XY +1.2 . (A21)

Ma(l +f)"71
from which

=& (252 (F) (z752)-* (“‘1>(“P’) (7522 ) a2

Equation (A21) can be rewritten

hpe (T Y+9.Z 11+ f)J ¢y, qbo
_‘<— 1+Y +9.2 20“Jc, ) 550 (423)

The thrust horsepower developed by the propeller is

thp,,= hp, ho.
M, Np Ma M

and substituting equations (A14) and (A23) in (A24) yields

thp,  nyJc,, atol:m(l_l_f)_ . Y+9.2 Vin,(14+S) Z:I (A25)

M, 550 1+Y—I—-ch 20%J ¢, oty

The thrust horsepower develope@ by the jet is

(A24)

thp,

B VAN~ Vi 525 - (A26)



148 _ REPORT 1114—NATIONAL ADVISORY COMMITTEE FOR ABRONAUTICS

The total thrust horsepower of the engine is the sum of the propeller-thrust horsepower and jet-thrust horsepower; thus,
from equations (A25) and (A26)

thp anOp o Y+n.Z 'qt(1+f) 12
M‘— 550 [ﬂz(l’l‘j) tO 1+Y+ﬂcZ 202Jcp atO ]+[Vf(1+f) VD] 550 (A27)

OPTIMUM JET VYELOCITY AND 7.Z FOR MAXIMUM thp/M,

For given values of Vy, 1y, ms, 1e, T}, t, a0d € and with the component efficiencies and e assumed to remain constant as
nZ and V; vary, optimum values of 7.Z and V; are obtained from

U Tt 1 BT DD 1] -
and
a(talzptgla)_‘hggg%‘[_2;75’7].}(;,3{) 350 LTN=0. (429)
From equation (A29) ’
Vion=Vamo- (A30)
and from equation (A28) ’
1+Y+(ncz)nf=\/ neni(L+Fe % (A31)

where the term (7.Z),., is used to designate the value of 3.Z for which the thp/M, given by equation (A27) is a maximum.
Define

X7 1+Y 4.2 — (A32)
‘\/77077 1(1 +f)e 'Z;‘
and
Y~ J‘Z; - (A33)
When equations (A32) and (A33) are substituted into equation (A25), ‘

i ¢ 01 a , ¢

Upe 20 519_S100ne [ on (140 T X' 457) \/ men(L+fe 4147 — 7, 2 ne | (A34)
The thrust produced by the propeller is
F, b550th N

LV, Il}[): (436)

Define the factor « as the ratio of the pounds of thrust produced by the propeller to the excess of turbine horsepower
output over compressor horsepower input; then,

N
a_hpx—h?c (430)

When equations (A35), (A36), and (A24) are cdmbined,

2% (o) ()= (o) (2) (az7)

This equation permits the propeller thrust to be evaluated from equation (A34) when V=0 (at which velocity 7,=0
and thp,=0).
For the case of V=0, the expression for optimum jet velocity (for optimum thrust) similarly reduces to

C? 550 ‘ (A38)

when equatlons (A35), (A36), (A24), and (A30) are combined.

EVALUATION OF CORRECTION FACTOR €

The factors a and b are defined as

APd'Ya_]- 1
Pl "Ya Y+7loZ

(A93)
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and
AP2 'Ya_l 1
P2 Ya Y"I‘ﬂc

When equations (A39) and (A40) are substituted into
equation (A22),

(A40)

e=K—Ka—K'b (A41)

The terms K and K’ are close to upity in value, whereas
the values of ¢ and b are small in comparison with unity;
therefore only a small error is introduced by letting

e=K—a—b (A42)
The quantity ¢ is defined as
e=K—1 (A43)
then

e=1—a—b+tc (A44)

From equation (A5) and reference 9,

Wn.

c= -1 (Ad5)

Jer. [ (P)_]

where the values of W,/T, are obtained from references 4 and’

9 and unpublished data extending figure.9 of reference 9.
These values correspond to the temperature 7 and pressure
ratio Pa/po.
FUEL CONSUMPTION
The expression for the fuel-air-ratio factor to obfain a rise
in total temperature in the combustion chamber from T to
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where H; is the enthalpy of the air corresponding to the
compressor-outlet total temperature T, in Btu per slug.
(Zero enthalpy is arbitrarily fixed at absolute zero tempera-
ture.) The symbol H, is the enthalpy of air corresponding
to the ambient-air temperature # in Btu per slug and is
given by

Hy=cp,do (A48)

If equations (A48), (A8), and (Al4) are used in equation
(A47),

Hy=c,,ito(1+Y+2) (A49)
Sinee T3 is a function only of H,,
To=¢(Hz)=¢lcp.ato(1+ Y +2)] (A50)

and the T} corr%pondmg to the entha.lpy H, is obtained from
reference 4.

DERIVATION OF MISCELLANEOUS EXPRESSIONS

.

The pressure ratio (Ps/P;)ses corresponding to any values
of Y and (9.Z),s i8, from equation (A15),
Ya

. AT

or, substituting equation (A31) in equation (A51) gives

@) rnttn Z(Z) T awm

From equations (A15), (A31), (A32), and (A51). it is seen
that

(A51)

Ya—1
T{ is .P /P Ya
o Xr=| L1 l
nbf=cp(T4 Ts) ‘ (A.46) (P2/P1)uf (A53)
32.2h Define
where values of T, are determined from reference 5. X=-—% (A54)
. (Pa/P1)res
From the conservation of energy,
. then
AP Ya
H,=H,+ J+550 M (A47) X=(X"ya (A55)
~ APPENDIX B
EQUATIONS EOR PERFORMANCE CHARTS
(The equation numbers correspond to those in the deriva- | Figure 3 (&) —
tion given in appendix A.) APy v,—1 1 A39
Figure 2 (2).— P, v TinZ (439)
v < 519 Figure 3 (b).—
Y_2Jc,,ato_2Jcp'a 519 Vi to (A8) b—AP’ Na—1 1 (A40
Ya Ya P, vy, T+ WA )
Po_Pit+aPs_ v--x_[ __1_< c,\/f_’_l_% r' Figure 8 (c).—
Pa Do =(1+X)" = 1+2Jc,,,a519 Vi to g ( W
(A10) "‘
. Vo 1 ( /519 ) c= —1 (A45)
licht Mach ber= = Vo[ —
TFlight Mach number VB [vR.519 to Jc“[ (p) Ta ]
Figure 2 (b)—
7= Vi 1 <V [519 )2 (A33) where values of Wi/T, are obtained from references 4 and
=Ty do 2J€p.519 to 9 and unpublished data extending data in reference 9.
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Figure 4,—
Ya
= P. 1 G—1)
IO (45D @Az ) T o
In order to include the effect of added mass of fuel, the yalue of », used in equation (A52) should be the product 7,(14-f).
Figure 6.—
tg;p$ 5;)9 512£7.a [ﬂcﬂtf——(X,'l'X,) ,77:7715 +1+Y— Yj 771770] (A34)
a b4
where Hy=c¢, do(1+Y+2) (A49)
_— The T; corresponding to the enthn.lpy H, is obtained from
=(X)T reference 4.

In order to include effect of added mass of fuel, the value of
7, used in equation (A34) should be the product %,(1-+5).

Figure 6.—

Figure 7.—

e (T,—T
mf =c,,(324.2h .

where ¢, is determined from reference 5.

(A46)

APPENDIX C

METHOD FOR DETERMINING OPERATING LINES OF CONSTANT Ty/T: AND CONSTANT

M +/6s/5s FOR MATCHED SET OF

TURBINE-PROPELLER-ENGINE COMPONENTS CONSISTING OF ONE TURBINE DRIVING ONLY COMPRESSOR
AND SECOND TURBINE DRIVING ONLY PROPELLER

The procedure for plotting lines of constant T,/7T; and

M,+/6:/5;5 for the gas-generator plot of ﬁgure 13 (a) is as
follows:

Equation (14), based on compressor power being equal to
the power of first turbine, can be converted to

U? 1Vz1 7 T4
KC’E 2 0 ﬂtlT

When 7./T, is eliminated between equations (12) and (C1),
Ma'\/b; Ua P2 M Vt 1
VE=, Jo P Vs
(1) A point on figure 11 is selected at which the value of
TJT, is desired. The values of U./~/6;, Po/P;, M,+/6,/5,, and
K, corresponding to the point are read on the figure.

(2) A value of U,/U,, is chosen based on sizes of turbine
and compressor used; then, from the values of U,/U,; and

Cn

(€2)

K, i/ (U: 1/ Vs,0) is evaluated from equation (15). A prob- )

able value of P,/p; is assumed, and the value of+/n, / (U 1/V 1)
is used to read the values of 7.y, 711, and U,,/V,, from
figure 12 (b).

(3). Equation (C2) is used to evaluate MV, ,/5;.

(4) Corresponding to the values of M,V, /s, and U,,/V .,
the values of M;+/6,/8;, V.1/+/6:, and P./ps are read on figure
12 (&). This value of P,/ps; should be used to check the
values of y; and #;,, determined in step (2). If any appreci-
able differences in values of the efficiencies result, the re-
vised value of #; ; is used in step 3).

(5) The value of T)/T; is now evaluated from equation
(12).

In order to ﬂlustrate this method, the point is plcked on
figure 11 at which Ty/T; is to be evalua,ted

(1) The point is selected where U.//6,=1006 ft/sec,
Py[P,=4.74, M,+/6,/6,=0.660 slug/sec, and K,=2.05.

(2) A value of U/U,;=1.0 is used for this engine. When
UJU,, and K. are used in equation (15), a value of
Vi /(U] Vi )=2.02 is obtained. This value is used in

figure 12 (b), a value of P,/P; of 2.0 is assumed; and the fol-
lowing velues are read: U,,/V,;=0.435, %,,=0.835, and
7:,1=0.782,

(3) From equation (C2) and an assumed value of r=0.05,

- & value of M,V,,/5,=338 {t/sec is calculated.

(4) When the values of M,V ,/8; and U,,/V,; are used in
figure 12 (a), the following values are read: V,/+/6;=1136
ft/sec, M,~/6,/6,=0.298 slug/sec, and P,/p;=2.23. This
value of P,/ps does not cause any appreciable change in
values of turbine efficiencies from those determined in step
(2) with an assumed value of P,/p; of 2.0.

(5) The value of Ty/T; evaluated from equation (12) is
4.13.

In order to determine the total pressure at the turbine
outlet, the following a,ppromma,taon of the turbine total
efﬁclency ismade:

550hp, 1

¥ g—17]

1 (P) i J—-;-M,Vg

55th, 1

N1~

Mchp.xT4

¥ e—17]

Mg 2] 1 —(B)™

ﬂg_]JCp_,T4[ <P> 7' ]= ! 41

or ) (03)
P, ]_LK._
2J¢p, 519 [1—(—P- = 0O,
On figure 12 (a), the value of the upper abscissa V0,

is related to the value of the lower abscissa P,/p; according
to the equation

2Jc, 519 [ "_] Yis

so that
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Flgure 12 (2) can similarly be applied to equation (C3) by
using the value of 7. Jmu VerV8: on the upper abscissa
instead of V,,1/+/6; and reading the value of P,/Ps instead of
P.[p; on the lower abscissa.

The total-temperature mtio Te/Tsis

TE 550’1/1);1 ¢1Vgl 1

E /A G 1Y Y A — 8, Jcy 510

(CH

The mass-flow factor M,/8;/8s can now be obtained from
equation (13).

151

In order to illustrate the calculations involved:
(6) From the values of V,./vb,, 7,;, and =, previously

determined, Z’—‘-\/”—T’— 1100 ft/sec Corresponding to this
Vo, ¥

value, P,/P;=2.10 is obtained. -
(7) From equation (C4), a value of T/T, of 0.859 is ob-
tained when a value of ¢y, ,=8.9 Btu/(slug) (°F) is assumed.
(8) Finally, from equation (13) a value of M,/0;/5,=
0.581 is determined.

APPENDIX D

METHOD FOR DETERMINING EXHAUST-NOZZLE AREA OF MATCHED SET OF TURBINE-PROPELLER-ENGINE COMPONENTS
CONSISTING OF ONE TURBINE DRIVING ONLY COMPRESSOR AND SECOND TURBINE DRIVING ONLY PROPELLER

Useful equations for determining the values of several pa-
rameters needed in this method are as follows:
From the definition of effective exhausi-nozzle area,

1 YL
pim e (B oy 0.1 (3)

where pg is the stagnation density at the second-turbine out-

let and T, the total temperature at the outlet of the second -

turbine. Thus,

M6, 2116

il 2115 (o [ (3 | oo

Equation (D1a) is used until the critical pressure ratio is
reached. The value of M,+/8:/A8; remains constant there-
after, as po/Ps becomes less than the' critical pressure ratio.
The mass-flow-per-unit-area factor for critical flow is

M6, 2116 \/ 27, >7,_1 (D1b
Ands 519 R, ¥ vs+1 \7et1 .
Also, from energy considerations,
_ ﬂ:.zvf.a
To= Tﬁ— 2J¢p ¢
from which -
Te "7;.2 Viz 2 (D2)

Ty 2J65.519 \ 6,

The procedure for determining the exhaust-nozzle area is
as follows:

(1) For a given operating point, all conditions in the engine
up to and including those at the second turbine are obtained
by the method described in appendix C.

(2) For a given M, +/05/8;, there can be a range of U, s/V s
over which the second turbine can operate. Atany U, a/V,.,,
the value of Ps/ps; can be obtained from figure 14 (a), and
7.2 and 9,9, from figure 14 (b).

(3) The total-pressure ratio Pj/P, is found by a method
similar to that described in appendix C. From the value of

P;/ps, the corresponding V. 3/+/85 is obtuined on figure 14 (a);

Vs [1ea is then calculated and used to evaluate Pg/Ps.
-\/FE 1,2 .

(4) The pressure ramo is evalu-

=)@ @G

ated, where P)/p, is a functlon of flight Mach number and
pressure loss in inlet duct (see equation (A12)).

(5) With suitable values for v, and c,, ¢, the value of Pg/p,
is used to calculate M;+/6y/ A48, from equation (D1s); equa-
tion (D1b) is used to calculate M;+/6,/A48, if flow through
the exhaust nozzle is choked. . )

(6) The values of %, and V,./+/6; and an appropriate
value of ¢, , are used in equation (D2) to evaluate Ts/Ts.

(7) The value of A, is then calculated from the identity

M.+/6, Ty Py
3 Ts Ps
Mx‘\/ B
. Agsg .

This method will be illustrated for the same operating
point used in the illustration of appendix C:

(1) Some of the conditions corresponding to the given
point of operation are U./v6,=1006 ftfsec, P,/P;=4.74,
P.JP;=2.10, and M,+/05/6;=0.581 slug/sec.

(2) From the value of M,+/65/5; and a chosen value of 0.5
for U,s/V:s, the corresponding Ps/pe=1.91 is obtained on
ﬁgure 14 (a). -Then from figure 14 (b) n,,2=0.850 and
7, 2=0.796.

3) Corrwpondmg to Py/ps=1.91, V,,g/w@ 1032 ft/sec is

read on figure 14 (a). The parameter Vis —‘/L— equal to
- —\/E; Ne,2

1000 ft/sec is evaluated, and the corresponding Pg/P, of 1.83
is read on figure 14 (a).

(4) The pressure ratio P,/p, at a value of ¥=0.10 and
inlet pressure loss AP¢/P1—O 03 is 1.356 by equation (A12).
Thus, Ps/po=1.589 is evaluated from the values of Pj/P,,
P[Py, PPy, and Py/p,.

(5) From equation (D1la), values of v,=1.35 and R, of
1720 ft-1b/(slug) (°F), and the value of Pgfp, previously
determined, M,+/6s/A,8,=1.484 (slug/sec)/sq ft is evaluated.

(6) The temperature ratio 74/T5=0.877 is obtiained from
V.a/V0s, %2, and & value of c,,~=8.6 Btu/(slug)°F) in
equation (D2).

(7) The value of the effective exhaust-nozzle area obtained
by use of the identity given in step (7) is 4,=0.67 sq ft.

A=
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